Abstract--A 14-/~ mineral coexisting with kaolin minerals, mica, and gibbsite in a Korean U1tisol and showing X-ray powder diffraction features of "chloritized" vermiculite was studied by a combination of methods. The i4-_~ mineral collapsed on saturation with K § after extraction with hot 1/3 M sodium citrate, but the Si/AI ratio of the extracted material was close to 1.0 and kaolin minerals dissolved, as indicated by difference infrared spectroscopy. The 14-A mineral was also collapsed by heating at or above 350~ The difference infrared spectra and the X-ray powder diffraction patterns indicated that two forms of kaolin mineral are present that differ in thermal stability; one decomposed by heating at or below 375~ and the other by heating above 375~ The former kaolin mineral is probably associated with vermiculite and the latter is present as a discrete form. The 14-/~ mineral was inferred to be an intergradien t vermiculite-kaolin mineral, in which most vermiculite layers each partially transform into double kaolin layers, and to represent an intermediate phase during the transformation of 2:1 to J:l layer silicates in acid soils.
INTRODUCTION
Vermiculites and smectites in soils and sediments are commonly partially interlayered or "chloritized" (Rich, 1968; Barnhisel, 1977) . As a part of research project on red and yellow soils in temperate and tropical regions, a study was made of active forms of aluminum including interlayer hydroxy-Al in "chloritized" 2:1 layer silicates. In a preliminary experiment one soil containing "chloritized" vermiculite, kaolin minerals, and mica was treated with 1/3 M sodium citrate to extract the interlaye r hydroxy-A1 from the vermiculite. This treatment was followed by K-saturation and air-drying to collapse the vermiculite. The treatment resulted in a substantial dissolution of Si which paralleled the dissolution of AI. In the present paper, the X-ray powder diffraction, chemical, and infrared spectroscopic analyses for clays separated from the soil before and after dissolution or heat treatment are reported in an attempt to characterize the "interlayer material" in vermicu= lite. That this "interlayer material" is a kaolin mineral and not hydroxy-A1 is discussed, as are the implications of this discovery.
MATERIALS AND METHODS

Soil
The IIB23t(g) horizon (74-130 cm in depth) of aTypic Hapludult (Red-Yellow Podzolic soil), Gwangiu series, was collected from a profile located at Samnam, Gyondong, Ulju, Gyeongsangham, Korea. The soil is a friable, red (2.5YR 4/8), heavy clay derived from old alluvium associated with granite and gneiss. The soil is acid (pH (H20) = 5.40; pH (1 M KC1) = 3.80). It is poor in bases (exchangeable Ca = 0.17, Mg = 0.48, K = (exchangeable A1 = 6.81 meq/100 g soil). It contains 65% clay (<2 txm) which consists of"chloritized" vermiculite, kaolin minerals, mica, and gibbsite (Yoshinaga et al., 1981) . Clay fractions (<2, <0.2, and 0.2-2/xm) were separated from the soil by repeated dispersion at pH 10 (NaOH), sonic vibration, and sedimentation. The proportion of the <0.2-/zm to 0.2-2-/zm fractions was 38 to 62. The separated fractions were kept as flocculated suspensions by adding small amounts of NaCI.
Dissolution and heat treatments
The clay was treated with dithionite-citrate- (Mehra and Jackson, 1960 ) (4 ml of 0.3 M Na-citrate + 0.5 ml of 1 M NaHCO3 + 0.1 g of Na2S204/30 mg clay) at 80~ for t5 rain and/or with 1/3 M sodium citrate at 100~ for an appropriate period (Tamura, 1958) in a polyethylene flask with a reflux condenser (25 ml of 1/3 M sodium citrate/30 mg clay). The amounts of Fe and/or Al and Si dissolved from the clay were determined by atomic absorption spectroscopy. The clays before and after the treatment with dithionite-citrate were saturated with K + and heated at appropriate temperatures between 300 ~ and 550~ in an electric furnace. Figure 1 . X-ray diffraction patterns of parallel oriented clays separated from a Korean Ultisol IIB23t(g) horizon: 1 = Mgsaturated and air-dried; 2 = K-saturated and air-dried; 3 and 4 = K-saturated and heated at 350 ~ and 550~ respectively.
X-ray powder diffraction analysis and infrared spectroscopy
Differential thermal and thermal gravimetric analyses
Differential thermal (DTA) and thermal gravimetric (TGA) analyses were carried out simultaneously on about 30 mg of clays treated with dithionite-citrate and saturated with K + at a heating rate of 20~ in air. Figure 1 shows that the 14-/k mineral in the Mg-saturated <0.2-/xm and 0.2-2-/xm fractions did not collapse on K-saturation and air-drying. Subsequent heating of K-saturated clays resulted in a gradual shift of the 14-/~ reflection toward 10/I~, but the 10-/~ reflection showed broadening on its low-angle side even after heating at 550~ The 14-/I~ mineral did not expand with Mg-saturation and glycerol solvation.
RESULTS
The collapse of the 14-A mineral on K-saturation and air-drying was enhanced by the dithionite-citrate treatment (Figure 2A ), but the subsequent sodium citrate treatment was much more effective and nearly all interlayer material was removed ( Figure 2B ). XRD analyses showed that the 14-/~ mineral remaining after the sodium citrate treatment did not expand with Mg-saturation and glycerol solvation, indicating that it is vermiculite. Analyses of Si, AI, and Fe dissolved by the successive dithionite-citrate and sodium citrate treatments (Table 1) showed that the materials removed by the respective treatments were different; the main material removed with dithionite-citrate was iron oxide which possibly incorporated some AI and associated with aluminosilicates, whereas the material removed with sodium citrate was an aluminosilicate with the Si/ A1 molar ratio of about 1.0, most probably kaolin minerals. On the other hand, the 7-,~ reflection was not much affected by the sodium citrate treatment both for the <0.2-/xm and 0.2-2-/xm fractions (Figure 2 ), though a 10-A reflection probably due to halloysite in the 0.2-/zm fraction disappeared. Dithionite-citrate treated <2-/xm fractions were extracted with sodium citrate for various lengths of time and at various ratios of extractant to clay. The dissolution of Si and Al and the associated changes of XRD intensities at 14/~ (on K-saturation and air-drying) and at 10 and 7 ,~ (on K-saturation and heating at 350~ are shown in Figure 3 . The removal of interlayer material, as indicated by the decrease and increase of the 14-and 10-/~ reflection intensities, respectively, was essentially complete when 8% Al (as A1203) was extracted from the clay. Up to this point, equimolar amounts of Si and Al were dissolved. Eight percent alumina corresponds to the dissolution of 20% of a kaolin mineral from the clay, but the 7-/~ reflection was not affected. With further extraction, the dissolution of Si and A1 continued to increase, though the increase was more marked for Si, and the 7-/~ reflection slightly decreased in intensity. The results indicate that the sodium citrate treatment dissolved the kaolin mineral in preference to the vermiculite and mica and that the dissolved kaolin mineral did not contribute to the 7-/~ reflection, Probably the latter kaolin mineral is not in a discrete form but is associated with the vermiculite.
The material dissolved by the dithionite-citrate treatment gave a strong and broad IR absorption maximum at 3200-3400 cm -1 (Figure 4 ), suggesting iron oxyhydroxides. Substantial amounts of Si and A1 were also extracted by the treatment (<2-/~m fraction, and the difference IR spectra showed features of a poorly crystallized kaolin mineral whose absorption bands were broad and poorly resolved, particularly at 3600-3700 cm -1. Such material was possibly partly associated with the iron oxide and partly with the vermiculite as was the material dissolved~by the citrate treatment. The difference IR spectra showed no particular absorption at 3690-3700 cm -1, characteristic of hydroxy-Al produced at interlayers of montmorillonites (Brydon and Kodama, 1966; Ahlrichs, 1968) . On the other hand, the dissolution of the kaolin mineral in 1/3 M sodium citrate was indicated by the difference IR spectra (Figure 4 ). Except for a weak 3695-cm -1band relative to 3620-cm -1 band, the difference IR spectra are similar to that of kaolinite. The spectra also suggest that the dissolved kaolin mineral and the residual kaolin mineral are similar and that more than half of the kaolin mineral and only a small fraction of the gibbsite were dissolved in 1/3 M sodium citrate. Unlike the XRD analysis, the IR spectra of the kaolin mineral in the <0.2-and 0.2-2-/~m fractions are similar.
The foregoing results suggest that the kaolin minerals are present in both discrete and associated forms and that the latter is present as "interlayers" of the vermiculite. This suggestion was tested by IR spectroscopy using the clays treated with dithionite-citrate and saturated with K § and then heated between 300 ~ and 500~ The difference IR spect, a of the clays air-dried and those heated at 375~ showed that about one-third or more of the kaolin mineral and all of the gibbsite appeared to have been decomposed below 375~ ( Figure  5 ). Note that the decomposition of this particular kaolin mineral is associated with the collapse of the vermiculite, but that the decomposition did not reduce the intensity of the 7-A reflection of the kaolin mineral (Figure 2A) . The decomposition of most of the remaining kaolin mineral occurred at 500~ (Figure 5) , and resulted in a substantial decrease of the intensity of the 7-/~ reflection. The difference IR spectra of kaolin minerals decomposed at 375~ and 500~ are also different in the region 1100-1200 cm-1; only the latter kaolin mineral yielded a negative absorption. The results indicate that two different forms of kaolin minerals are present in both the <0.2-and 0.2-2-/xm fractions. One exists in association with the vermiculite and decomposes at lower temperatures, and the other exists as a discrete form and decomposes at higher temperatures. The XRD patterns of dithionite-citrate treated and randomly oriented clays (Figure 6) show that vermiculite is dioctahedral (d(06,33) = 1.50/~) and that the vermiculite and kaolin mineral have similar a0 and b0 values. Most (hkl) reflections showed features similar to those reported for b-axis disordered kaolinites (Brindley, 1961) and "illites" (Bradley and Grim, 1961) , and the stacking of the unit silicate layers was more disordered in the minerals of the <0.2-/zm fraction.
A1203 dissolved (%)
Electron micrographs show that thin micrometer-size plates having angular, sometimes hexagonal, outlines predominate in both the <0.2-and 0.2-2-/xm fractions ( Figure 7 ). The plates seem to have grown within larger and more rounded particles, possibly of mica-derived vermiculite. Although the presence of halloysite (10A) is indicated in the <0.2-/~m fraction by XRD (Figure 2) , only very few curled flakes and no tubes were found. x I00 cm -I Figure 4 . Difference infrared spectra of dithionite-citrate and sodium citrate soluble fractionS of clays and infrared spectra of residues remaining after sodium citrate treatment (24 hr). DTA curves show two endotherms with maximum at about 300~ and 530~ for the clays treated with dithionite-citrate (Figure 8 ). The 300~ endotherm is due to decomposition of gibbsite, whereas the 530~ endotherm is due to dehydroxylation of kaolin mineral and vermiculite. The two different forms of kaolin minerals that were indicated by difference IR spectroscopy were not differentiated by DTA. TGA, however, shows considerable weight losses on heating between 150 ~ and 450~ in addition to that between 250 ~ and 350~ due to the decomposition of gibbsite (Figure 8 ). The thermal decomposition of the kaolin mineral associated with the vermiculite did occur, but it did not produce a noticeable thermal effect on the DTA curves. The absence of, or a very weak, high-temperature exotherm may be characteristic of the kaolin mineral associated with the vermiculite or it may be related to the use of K-saturated clays.
<0.2 ~m
DISCUSSION
"Chloritized" vermiculite is commonly identified by XRD. It does not collapse readily when K-saturated, but its sharp 14-A reflection becomes diffuse and shifts toward 10 A on the heating to 300~ or 550~ When AI is removed by a treatment with reagents such as sodium citrate, it collapses on K-saturation but does not expand with glycerol solvation (Rich, 1%8; Barnhisel, 1977) . According to these criteria, the 14-/~ mineral in question is identified as a "chloritized" vermiculite. The following two observations, however, oppose this identification: (1) The sodium citrate treatment which resuited in the collapse of the 14-A mineral also resulted in dissolution of not only AI but of Si at the molar Si/ A1 ratio of about 1.0; (2) the dissolution of kaolin mineral but not any other components, such as gibbsite, quartz, mica, and noncrystalline silica, alumina, and aluminosilicates, are indicated by XRD and difference IR spectroscopy. All observations indicate that the 14-/~ mineral is a vermiculite associated with kaolin mineral.
To our knowledge, no such association of vermiculite with kaolin mineral has been reported. It is different from interstratified 2:1/1:1 layer silicates such as montmorillonite/kaolinite reported by Schultz et al. (197 I) and others. The interstratified kaolinite/Ca-montmorillonite gave a broad reflection at 7.3-7.7 A, but no welldefined reflection in the 10-14-/~ range for air-dried clay (Cradwick and Wilson, 1972) . The mineral in question gave a more or less well-defined 14-/k reflection when saturated with Mg ~+ and air-dried, and this 14-/~ reflection became weak and diffuse and shifted toward 10/~ when the clay was saturated with K + and air-dried or heated (Figure 2 ). These XRD features can not be ac- counted for by ordinary interstratifications of vermiculite and kaolin layers, either regular or random, but could have resulted from a partial transformation of each vermiculite layer into double kaolin layers (Figure 9 ), provided it occurs in most layers of each vermiculite particle. The extent of this transformation in the resulting intergradient mineral varies from one layer to another and does not affect the (001) reflection of the Mg2+-saturated clay, but affects the (001) reflection of the K+-saturated and air-dried or heated clays ( Figures  1 and 2) . In the proposed model, every other kaolin layer in the double layer is inverted, because the (001) and (002) reflections from the 14-~ mineral are strong and very weak or absent, respectively (Figure 2 ). The thickness of the dehydroxylated double kaolin layers is unknown, but the increase of the 10-A reflection intensity on their dehydroxylation (Figures 1 and 2 ) suggests that it is nearly equal to or slightly larger than 10/~. The double kaolin layer as a unit is very thin. The above transformation would proceed from the edge of the vermiculite particle and produce an ample space around one of the double kaolin layers according to the stoichiometry of the reaction; e.g.
H2SirAlnO20(OH)4 + 3H20
("H-vermiculite"; 1 unit cell) = SirA16Ols(OH)l 2 (kaolin mineral; 1.5 unit cell).
These may account for the preferential dissolution of the double kaolin layers in 1/3 M sodium citrate and their thermal decomposition at lower temperatures. The extent of transformation from the vermiculite to kaolin mineral in the unit layer of the proposed model was calculated for the 0.2-2-/xm fraction. Dissolution analysis showed that kaolin mineral in an amount corresponding to 20% of the clay was dissolved by the sodium citrate treatment; difference IR spectroscopy gave a total kaolin content in the clay of about twice that dissolved. Thus, the vermiculite content is about 50% of the clay by subtracting 10% allocated for gibbsite and mica from the remaining 60%, and the weight ratio of vermiculite to kaolin mineral is 50:20. If the unit-cell compositions of dioctahedral vermiculite and kaolin mineral are approximated by SirAIrO20(OH)4 and Si4AI40~0(OH)8, respectively, an average proportion of vermiculite to kaolin mineral unit cell in each layer is 1.8 to I.
The transformation of vermiculite to kaolin mineral instead of interlayering of hydroxy-A1 in vermiculite has bearings on the chemical reactivities of acid soils. It will result in fewer negative and positive charges and smaller surface acidity and specific adsorption of cations and anions.
The formation of the intergradient vermiculite-kaolin mineral has important implications in the transformation of 2:1 to 1:1 minerals during weathering. Such transformations, particularly smectite to kaolinite, have been proposed to explain the inverse concentration relations in weathering profiles through a hydroxy-A1 interlayering and a mixed layering between smectite and kaolinite, as reviewed by Altschuler et al. (1963) and Rich (1968) . Poncelet and Brindley (1967) and Oberlin and Couty (1970) showed that kaolinite could be formed from montmorillonite interstratified with polymer hydroxy-Al ions at or above 170~ Kittrick (1970) found that kaolinite formed in aqueous suspensions of some montmorillonites acidified with HC1 and held for 3-4 yr at room temperature. The natural occurrence of mixedlayer kaolinite/montmorillonite minerals was described by Sudo and Hayashi (1956) and subsequently by other investigators, as reviewed by Sawhney (1977) . Lee et al. (1975) also observed micaceous occlusions in wellordered and b-axis-disordered kaolinites by ultramicrotomy and high resolution electron microscopy.
These observations suggest that the hydroxy-Al interlayering in the expandable 2:1 layer silicates and/or the mixed layering between 2:1 and 1:1 layer silicates are the mechanisms by which the 2:1 layer structure converts to the 1:1 layer structure. The present observations suggest, however, that there is a different mechanism operating in soil environments under leaching conditions. It is the direct conversion of a dioctahedral vermiculite layer with exchangeable A1 ions to double kaolin layers. To resolve this problem, however, the proposed model must be confirmed by techniques such as ultramicrotomy and high-resolution electron microscopy. Further studies on "chloritized" 2:1 layer silicates in soils and sediments are also necessary to answer the question whether such intergradient vermiculite-kaolin mineral is common or not.
